Abstract. The effect of Al addition on the corrosion of 316 SS exposed to simulated primary circuit of PWR has been investigated by potentiodynamic polarization, Mott-Schottky plots and corrosion kinetics. After Al addition, the weight loss of 316 SS was reduced, the semiconductor properties of the oxide film formed on the surface on 316 SS were optimized. The kinetic study indicates that corrosion process is well fitted by the pseudo-first order model. The presence of Al increases the corrosion activation energy resulting in the slowdown of the corrosion of 316 SS. Al additions may impedes the transport of the metal ion in the micropore of the 316 SS. The research may give a good solution for material corrosion in the primary circuit water of PWR.
Introduction
Nuclear energy, one replacement of the traditional fossil energy, will be fully developed to improve the seriously polluted environment in the coming decades [1] . The safety of material employed in the nuclear power plant has attracted wide attention for their special working conditions of high temperature and high pressure water. The austenitic stainless steel (SS) has been widely used as structural material in the nuclear reactors for their excellent corrosion resistance in high temperature water. Zinc (Zn) addition technique is the often used solution for the corrosion inhibition of the austenitic SS [2] [3] [4] . Nevertheless, 64 Zn in the natural zinc may be activated to 65 Zn in the primary coolant by the reaction 64 Zn (n,γ) 65 Zn. This will aggravate the radiation buildup which may threaten the operation safety of nuclear plants. The expensive depleted Zinc Acetate dehydrate is injected into the pressurized water reactor (PWR) primary coolant as a substitution of the natural Zn. Aluminum (Al) addition may also alleviate the corrosion of the austenitic SS while the natural Al isotopes will not result in the radiation field build-up in the boiling water reactor (BWR) primary coolant [5, 6] . However, data is very few about the effects of Al addition on the corrosion behavior of the austenitic SS in the high temperature and high pressure water environment. More detailed work is needed for revealing the mechanism of the austenitic SS in the Al-added PWR primary coolant.
The present study aimed to investigate the performance of Al addition on the corrosion inhibition of 316 SS. The electrochemical behaviors, semiconductor properties and kinetic exploration were analyzed in this paper. This may give a new solution for the corrosion control of 316 SS in nuclear plants.
Experimental
Materials. The chemical composition (mass, %) of the 316 SS used in the present work is 0.08 C, 1.00 Si, 2.00 Mn, 12.60 Ni, 17.00 Cr, 0.03 S, 0.04 P and balance Fe. The 316 SS specimens (12 mm ×10 mm × 2 mm) were gradually ground with SiC papers up to 2000-grit and then mechanically polished with alumina gel (0.5 µm). The specimens were ultrasonically cleaned by pure water and degreased by acetone in sequence.
Exposure Test. Test specimens were exposed in the simulated primary circuit water of PWR contained in a 1 L autoclave. The simulated solutions were deaerated by continuous bubbling with nitrogen gas for 2 h prior to the exposure tests. The aqueous solution contained 1200 mg·L - Co) was prepared as the blank solution. Al-contained solutions (0.1 mg·L -1 ) was prepared by adding certain (CH3COO)3Al (counted as Al) into the blank solution. Test specimens were exposed in the aqueous environment at 200 °C, 250 °C and 280 °C, respectively. The specimens after exposure were cleaned and cooled, and then stored in the dry vessel for use.
Weight-Loss Test. The specimens after exposure were descaled using a two-step alkaline permanganate/ammonium citrate process: (1) boiling 5 min in the solution with 3% KMnO 4 and 10% NaOH followed by wiping and (2) boiling 5 min in the solution with 10% (NH 4 ) 2 HC 6 H 5 O 7 . The descaled specimens were ultrasonically cleaned by pure water and degreased by acetone in sequence. The specimens were all dried to the constant weight. The weight-loss of 316 SS specimen was calculated by Eq. 1. 
Here, w 0 is the weight of specimen before exposure, w 1 is the weight of specimen after descaling, and S is the superficial area of the specimen.
Electrochemical Characteristics Analysis. Electrochemical characteristics of the exposed specimen were represented by potentiodynamic polarization and Mott-Schottky analysis. A three-electrode cell was employed with a platinum counter electrode and a saturated calomel reference electrode (SCE, all potential values mentioned refer to). The exposed specimens were used as working electrode with area of 0.2826 cm -2 . Fresh specimens were used in each electrochemical experiment. All measurements were carried out at room temperature in the borate buffer solutions (0.15 mol·L -1 boric acid, 0.0375 mol·L -1 sodium borate, pH=8.4) with Parstat 2273. The potentiodynamic polarization experiments were performed at a scan rate of 1 mV·s -1 . The Mott-Schottky experiments were performed by sweeping potentials in the negative direction with 10 mV intervals and 1 KHz.
Results and Discussion
Weight-Loss. The weight loss symbols the amount of the oxidized 316 SS. Table 1 lists the values of weight losses in the corresponding 316 SS specimens. It illustrates that the weight loss of the 316 SS specimen is lowered after Al addition at each exposure temperature. This indicates that Al addition reduces the weight loss of the 316 SS and alleviates its corrosion. b Al-contained solution.
Potentiodynamic polarization. Fig. 1 shows the potentiodynamic polarization of the specimens after 168 h exposure in the blank and Al-contained solutions at 200, 250, 280 °C, respectively. For the specimens exposed in the blank solution, the increased temperature narrows the passive potential range, enhances the current density and makes the open circuit potential shifting towards the negative direction. This demonstrates the lowered stability of the oxide film formed on the surface of 316 SS which weakens its corrosion resistance. By contrast, the current density is remarkably reduced for the specimens exposed in the Al-contained solution. In particular, the passive potential range is obviously observed in the potentiodynamic polarization of the specimen exposed in the Al-contained solution at 280 °C which disappears in that exposed in the blank solution at 280 °C. These all indicates that the Al addition in the simulated primary circuit water of PWR can strengthen the protection of 316 SS from corrosion. Mott-Schottky plots. Corrosion performance of 316 SS is usually manifested by its semiconductor properties. The Mott-schottky plot of 316 SS after high temperature exposure is shown in Fig.2 . In the potential range of around -0.3 to 0.0 V SCE , the slopes of the curves are positive, suggesting an n-type semiconductor behavior. According to the point defect model [7, 8] , the lowered slope and the enlarged carrier density with the increasing temperature indicates the lowered ability of corrosion resistance. In contrast, the slope of the curve is increased by Al addition into the exposed solution with the same exposure temperature. This suggests a more compact oxide film which results in a stronger corrosion resistance. Corrosion kinetics. In order to in depth reveal the corrosion mechanisms, the corrosion kinetics is curved according to the weight loss of the original specimen accompanied by the increasing of exposure time (Fig.3) . It is apparent that the weight loss in the initial phase increases quickly which demonstrates the nucleus formation of oxide at the defects of 316 SS. Then, the corrosion rate was decreased in the middle and later phases revealing the formation of the complete oxide film. As a result, the corrosion rate was controlled by diffusion process instead of chemical process. The pseudo-first order model was employed with the data in Fig.3 to describe the corrosion process of 316 SS. The pseudo-first order kinetic model and pseudo-second order kinetic model were defined as follows in Eq. (2):
Here, the initial reactant concentration for kinetic rate constant equations (a) corresponds to (w 0 /S). On the other hand, the concentration of the product (x) at time t corresponds to ((w 0 -w 1 )/S). Therefore, the concentration of the reactant residual (a-x) will be corresponds to (w 1 /S). In other word, the pseudo-first order rate equation, Eq. 2 will becomes as Eq. 3:
Here, k is the pseudo-first order rate constant. Results shows that the corrosion kinetics exhibits the fitness with first order rate reaction (Eqs. 2and 3) [9] as illustrated in Table 2 . The values of 1 st order rate constant (k) increase with increasing temperature as most chemical reactions. Also, the relatively very low values of rate constants reflect the slowness of the corrosion reaction. Interestingly, the results (Table 2) (a) (b) b Al-contained solution. Activation energy of the corrosion action usually symbols the probability of corrosion for 316 SS. It may be obtained by Arrhenius Eq. 5:
Here, k is corrosion reaction constant, E a is activation energy, R is the universal gas constant (8.314 J / mol. K), T is the absolute temperature, A is frequency factor. E a is calculated according to the slope of the plot of lnk versus 1/T. Table 3 lists the values of the activation energy and frequency factor together as well as other related statistical data of the corrosion reaction in the blank and Al-contained solutions. The values of r represent the obeying of the kinetic data with Arrhenius equation (5) . It can be observed that the activation energy is increased by Al addition resulting in the corrosion slowing down of 316 SS. The relatively low values of activation energy may be attributed to the comparatively high temperature that used in this research (200-280 o C). Also, it may be explained by that frequency factor dominates the corrosion speed when the corrosion is controlled by diffusion process. Similar result was also reported in ref. [10] . The results (Table 3) display the decrease of frequency factor due to presence of Al which results the slowdown of corrosion reaction according to Eq. 5. It illuminates that Al addition may alter the structure of the oxide film formed on the surface of 316 SS which impedes the transport of the metal ion in the micropore of the 316 SS. 
Conclusions
The effect of Al addition on the corrosion of 316 SS exposed to simulated primary circuit of PWR has been investigated by potentiodynamic polarization, Mott-Schottky plots and corrosion kinetics. Al addition can reduce the weight loss of 316 SS, lower the corrosion action energy and alter the semiconductor properties of the oxide film. Al addition may impedes the transport of the metal ion in the micropore of the 316 SS. Al addition will give a good solution for material corrosion in the primary circuit water of PWR.
